We study pinch-and-swell structures in order to uncover the onset of strain localization and the change of deformation mechanisms in layered ductile rocks. To this end, boudinaged monomineralic veins embedded in an ultramylonitic matrix are analyzed quantitatively. The swells are built up by relatively undeformed original calcite grains, showing twinning and minor subgrain rotation recrystallization (SGR). Combined with progressive formation of high-angle misorientations between grains, indicative of SGR, severe grain size reduction defines the transition to the pinches. Accordingly, dynamically recrystallized grains have a strong crystallographic preferred orientation (CPO). Towards the necks, further grain size reduction, increasingly random misorientations, nucleation of new grains and a loss of the CPO occur. We postulate that this microstructure marks the transition from dislocation to diffusion creep induced by strain localization. We confirm that the development of boudins is insensitive to original grain sizes and single-crystal orientations. In order to test these microstructural interpretations, a self-consistent numerical grain size evolution is implemented, based on thermo-mechanical principles, end-member flow laws and microphysical processes. Applying constant velocity and isothermal boundary conditions to a 3-layer finite element pure shear box, pinch-and-swell structures emerge out of the homogeneous layer through grain size softening at a critical state. Viscosity weakening due to elevated strain rates and dissipated heat from grain size reduction promotes strain rate weakening until a critical grain size is reached.
localizing behavior linked with subsequent viscous creep for the initiation of pinch-and-swell struc-24 tures. In the latter study, the inception of boudinage was controlled by an intrinsically unstable 25 (brittle) material behavior, after which the material was allowed to creep in a ductile manner.
26
In the ductile field, Schmalholz and Maeder (2012) implemented small-scale heterogeneities fo-27 cussing strain and resulting in localization. The underlying localization criterion was provided by 28 the study of Fletcher (1974) , in which a linearized power-law material behavior was considered.
29
The introduced heterogeneities are thought to stem from pre-existing structural perturbations, i.e. between the pre-to post-localized states, which can later be potentially upscaled for tectonic pro- 
Boudinaged veins

148
The boudinaged calcite veins are identified as pinch-and-swell structures, i.e. the ductile class of 149 boudinage, due to their characteristic symmetric shape of the boudins on the macroscopic scale.
150
The pinch-and-swell layers indicate irregular spacings between the swells, which do not express a 151 dominant (periodic) wavelength, as evidenced in Figure 2a . The average aspect ratio of the swells 152 w{l is around 0.47˘0.10, which is within the suggested range for drawn boudins (Goscombe et al., 153 2004). Individual grain sizes in these swells are similar to the undeformed veins, as described above.
154
Most commonly, a single calcite host grain (e.g. Fig. 1b) , or seldomly multiple coarse-grained calcite 155 clasts form the swells (Fig. 2a) . In general, the swells appear as intact or only slightly deformed 156 calcite host grains, marked by pervasive twinning. Towards the grain boundaries, the twin spacing 157 becomes narrower and twin planes bend towards the grain boundaries. The transition towards the 158 pinches is marked by continuous grain size reduction of calcite, which becomes visible in the inverse 159 pole figure (IPF) maps (e.g. Fig. 2c,d ).
160
In the pinches, grain orientation mappings indicate that a range of different crystallographic 161 orientations has been obtained, which are different from those of the individual host crystal orien-162 tations in the swells (Fig. 2c,d ). This textural contrast can also be examined within fine calcite 163 grains along former twin planes in host clasts or around them (arrow in Fig. 2b ). We measured (Fig. 3b,c) . The pole figure diagrams indicate spread point 170 maxima, somewhat inclined to the host orientations and perpendicular to the Y -direction.
[a]-axes 171 are (sub-)horizontally aligned along a great circle in X-direction (Fig. 3a,b) . Although the textu-172 ral strength of the measured fine-grained fractions is significantly lower than for the single-crystal hosts with maximum intensities, textural strengths imply that the obtained textures are distinct 174 from being random (J ą 1). Crystal orientation distributions of all crystallographic planes are 175 relatively broad. In comparison to other pinches, the same general texture irrespective of the host 176 grain orientation was found. We additionally compared one raw [c]-axis pole figure and found that 177 the fine-grained fraction has developed new orientations compared to its host (Fig. 3b ). More-178 over, the chemical variation of calcite across the pinch-and-swell structure studied in detail here 
183
In order to better assess whether these new orientations follow any systematic trend or fabric 184 attractor, either relative to the host clast or along the pinch, we examined misorientation angles 185 across one characteristic pinch-and-swell structure (Fig. 5) . In the plot, misorientation angles to a random texture (iii), observed in Figure 5 , and the more diffuse CPO described earlier (Fig.   207   3b ). This gradient in grain size is confirmed by the apparently bimodal grain size distribution of 208 grains in the pinch (Fig. 6c) . The surrounding polymineralic matrix is defined by a fine-grained ultramylonite, mainly consisting 211 of calcite (ca. 30 area-%), white mica, dolomite and nano-flakes of organic origin (see Fig. 1b 
219
In some places, spatially correlated calcite grains are horizontally aligned and form coarse-220 grained aggregates, having mostly straight grain boundaries (arrow in Fig. 2 ). These have earlier (Fig. 7) . The highly dispersed, finest-grained fraction of calcite grains in the matrix is responsible 226 for the evidently diffuse CPO (Fig. 3d) . Due to the severe influence of secondary particles, the 227 grain size distribution is right-skewed (Fig. 6d) . Table 1 .
267
In order to assess the sensitivity of the structure to random material imperfections and to avoid 268 meshing artefacts, we carried out a pre-loading perturbation step, using an eigenmode frequency 269 analysis (Peters et al., 2015) . This analysis is used to allow natural localization patterns to develop 270 in the subsequent loading step. The perturbation step from the frequency analysis is designed 271 to avoid unphysical localization patterns that develop on the inherent numerical grid wavelength, structure and the applied boundary conditions and not the chosen mesh-discretization length scale.
276
In the extensional case, the positive feedback between matrix response and natural frequencies of effective viscosity contrast between layer and matrix is around 12 at this time of the simulation.
292
Upon continued loading, plastic strain equally rises inside the layer until ca. t˚« 10.2 (Fig. 9d) .
293
This is the point in time when the mechanical evolution of the layer starts to diverge, leading to 294 the inception of the pinch-and-swell structure ( (2) due to decreasing strain rates ((3a) in Fig. 9a ), expressed by a gentler slope in the evolution of the 302 plastic strain (see Fig. 9d ), the contribution of dislocation creep finally becomes dominant again.
303
Stress and grain size data of the pinch reveal stable conditions towards the end of the simulation 304 for a bulk extension of 100% ((4a) in Fig. 9a ).
305
In contrast to the evolution of the pinch, the swell experiences stress relaxation ( (2b) stable end-member structures (for t˚ą 32). In total, the dynamic rheological evolution depicts 318 the existence of more than one steady state (Fig. 9a) The inception of pinch-and-swell structures was found to be defined by the final energy attractor
332
(steady state) of boudinage at the transition from dislocation to diffusion dominated creep. This inference was confirmed by a study of naturally boudinaged veins and numerically simulated layers.
334
After localization has occurred, the pinch-and-swell structure becomes further amplified through 335 continuous grain size reduction and an increasing contribution of diffusion creep in the pinches 336 and growth in the swells at relatively high extensional strains during the numerical simulations 337 (see Fig. 9 ). This strain softening behavior is characteristic for a visco-plastic material. Here,
338
we are exclusively concerned with the ductile layer, whose rheology is driven by the interactions 339 between its natural response to the boundary conditions. To this end, we have accessed pinch-and- In the current framework using isothermal boundary conditions, boudinage commences when ma- (Fig. 3d) . Furthermore, due to the pinning effects of secondary particles (see Fig.   360 1b), grain growth is efficiently prohibited and the matrix grain size is kept relatively fine (Fig. 6d) .
361
Based on these findings, the matrix rheology is associated with grain boundary sliding processes, twin planes or grain boundaries (e.g. arrow in Fig. 2b ). Crystal-lattice misorientations progres-382 sively increase towards the host grain boundaries (Fig. 5-i (Fig. 6c) . The microstructure at the transition from pinches to swells basically resembles 388 isolated porphyroclasts surrounded by dynamically recrystallized grains (Bestmann et al., 2006) .
389
While the strain-hardening behavior of the host grain dominates the bulk rheology of the swell, 
393
The crystallographic orientation of the swells is inherited from the primary crystallization of 394 calcite into the vein (compare Fig. 3b,c) . Thus, crystallization must have been driven by rapid have earlier been identified as core-mantle structures (Fig. 2c) that are found to be completely dynamically recrystallized eventually (Fig. 2d) . This is regarded as the transient regime of ductile size reduction (ii-iii in Fig. 6c ).
419
When comparing the original crystallographic orientations of the host with those of the fine-420 grained recrystallized grains in the swells, recrystallized pinches exhibit an CPO that is different 421 from those of the host grains (Fig. 3b-c) , although some single-crystal orientations seem to be 422 aligned in a favoured orientation to the shear direction (Fig. 3a,b) . However, Figure 3c demonstrates ) and the grain size distribution was found to be bimodal (Fig. 6c) , steady-state conditions 432 cannot be derived for the transitional zone in the pinch. Nevertheless, it becomes clear that the 433 observed microfabrics were formed in a dynamic framework by means of dominant dislocation creep.
434
To this end, the numerical evolution has provided detailed insight into the transient regime,
435
expressed by the deformation gradient between the stable end-members (see Fig. 9d ). In this to the center of the pinch causing further grain size reduction until stable conditions are achieved.
443
We refer to this as the steady state of the pinch ((4a) in Fig. 9a ). As the swells also reveal steady-444 state conditions, although at a different energetic level ((4b) in Fig. 9a ), the end-members of the 445 pinch-and-swell structure are locally stable. Note further that localization clearly emerges from 446 homogenous conditions in the central layer ((2) in Fig. 9a) . Hence, the evolution depicts multiple 447 steady states with respect to time and location.
448
The sites of necking, expressing the areas that have accommodated the largest amount of exten-449 sion, are associated with a randomization of misorientation angles (Fig. 5-iii) . Moreover, the pole to the microstructural evolution shall be discussed in the following section. Tullis, 1992), is related to continuous grain size reduction in the pinches (see Fig. 2c ). Under con-499 stant temperature conditions, this gradient correlates to accelerated strain rates along the pinches. crease in plastic work ( 9 σ) through energy dissipation from grain size reduction (arrow in Fig. 10 ).
540
As to the natural grain size measurements, the comparison therefore reveals that pinch-and-swell 
607
The studied pinch-and-swell microstructures appear non-periodic. Hence, the non-linear mate- evolution, is that laboratory-derived flow laws can directly be applied and extrapolated to natural 614 conditions. One interesting finding of the numerical study is that layer and matrix reflect deforma-615 tion at steady-state conditions (Fig. 9) , which has earlier been hypothesized on a microstructural 
